Weinvestigated whether, in the human visual system, the mechanisms responsible for relative location judgments are the same when those judgments are made in the context of illusory contours and in the context of mentally joining two points, We asked subjects to align a dot with the oblique contour of an illusory surface or to align a dot with two markers at an oblique orientation, The systematic errors differed in direction for these two conditions. Allthe systematic errors were orientation dependent. The errors in aligning a dot with an illusory contour seem to be related to the asymmetrical shape of the single objects, which are able to induce an illusory contour, as well as figure-ground segregation,
Weinvestigated whether, in the human visual system, the mechanisms responsible for relative location judgments are the same when those judgments are made in the context of illusory contours and in the context of mentally joining two points, We asked subjects to align a dot with the oblique contour of an illusory surface or to align a dot with two markers at an oblique orientation, The systematic errors differed in direction for these two conditions. Allthe systematic errors were orientation dependent. The errors in aligning a dot with an illusory contour seem to be related to the asymmetrical shape of the single objects, which are able to induce an illusory contour, as well as figure-ground segregation,
In everyday life, we make many judgments about intermediate positions-for example, arranging the items on our desk, estimating the situation when playing soccer, or recognizing a horse standing behind a fence or a caterpillar lying on a leaf. We can judge whether three objects are aligned or whether they define a plane. We can also estimate how a contour probably continues at those points at which the contour is masked by other objects or is indistinguishable from the background. All of these situations seem quite different. Nevertheless, in all cases the visual system can estimate the simplest connection between two objects, In this paper, we examine whether the mechanisms underlying judgment of that simplest connection are the same under different conditions.
As was already mentioned, the human visual system is capable of making estimates of intermediate positions.
For example, when two objects are present in the visual field, we would not normally perceive a connecting line with an immediate visible presence. Nevertheless, we can judge in which direction one object is located with respect to the other and can thus reconstruct a straight line that could connect the two objects, and therefore, we can also judge whether or not a third object is aligned with two other objects, In other cases, we can recognize contours while they are partially masked, Moreover, sometimes people can spontaneously perceive connecting contours where none exist. One example, a Kanizsa square (Kanizsa, 1955) , is shown in Figure I , A "whiter than white" surface with clear contours is perceived as an inner figure that could fit inside the gaps of the pacman-shaped objects. Such contours are called illusory contours. These contours are generally believed to be a result of mechanisms related to the The authors thank Astrid Kappers and Jan Koenderink for their many useful critical remarks on this paper and Ruth Green for improving the language and clarity of the paper. Correspondence concerning this article should be addressed to N. Schoumans c/o A. M. L. Kappers, Princetonplein 5, 3584 CC, Utrecht, The Netherlands (e-mail: nicoles@ hetnet.nl). recognition of(the shape of) objects, despite the presence ofoccluders (Grossberg, 1994; Heitger & von der Heydt, 1993; Marr, 1982; Spillman & Dresp, 1995) . The definition of illusory contours that we shall follow is the one given by Petry and Meyer (1987, chap. I) . They state three defining characteristics for illusory contours. First, there is a sense of a bounded surface that has some property that differentiates it from an abutting or surrounding surface. Second, there is a sense ofa boundary or edge around this surface. Third, the edge and surface connect or continue through discontinuities of the inducing pattern.
Illusory contours were first reported by Schumann (1900) , and the occurrence of illusory contours has been studied by many researchers (for reviews, see Petry & Meyer, 1987, and Spillman & Dresp, 1995) because it is believed to be an important clue to how the human visual system works. It is not the aim of this study to provide a theory as to how the illusory contours arise but to examine how the estimate of the simplest connection between two objects is influenced by changing the context from that of mentally joining two points to one with an illusory contour. More specifically, we look at the similarities and differences in the biases of aligning a dot with an illusory contour and of aligning a dot to two other objects.
We made use of the fact that larger variable and systematic errors occur in tasks performed with an oblique orientation than in the same tasks performed with horizontal or vertical orientation. This effect is known as the oblique effect (see Appelle, 1972 , for a review). Sittig and De Graaf (1994) reported results of a three-dot alignment task. They measured a strong orientation dependency in this task. With horizontal and vertical orientation, their subjects made no systematic errors but only variable errors in alignment. With an oblique orientation, the subjects systematically placed the middle dot below the straight line that could connect the two outer dots. If this alignment bias is independent of the context, we should find similar results when aligning a dot with an illusory contour.
On the other hand, there are many reports in the literature that show a great similarity in results in tasks with
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Copyright 2000 Psychonomic Society, Inc. real and illusory contours (e.g., Gregory, 1972; Pomerantz, Goldberg, Golder, & Tetewsky, 1981; Smith & Over, 1977; Vogels & Orban, 1987) . These reports suggest that real and illusory lines are functionally equivalent at a certain level. This could indicate that aligning a dot with an illusory contour is similar to aligning a dot with a real contour, where the distance between the contour and the dot can be minimized. This should result in smaller variable errors, since aligning a dot with a real contour can be done very precisely.
• •
The aim ofthis study is to examine whether the mechanisms responsible for relative location judgment are the same when those judgments are made in the context of illusory contours and in the context of mentally joining two points. In this paper, we describe the psychophysical experiments we did for this purpose. In our first experiment, we compared the results of aligning a dot with an oblique illusory contour and of aligning a dot with two other dots. Three more experiments were done to test hypothesized explanations of the first results.
EXPERIMENT 1 Method Subject. Seven subjects, (4 female, 3 male), who all gave informed consent, participated in this experiment. Their ages varied from 22 to 28 years. Five subjects were naive as to the purpose of the experiment. Twosubjects (N.S., R.B.) were awareof the purpose ofthe experiment, but their results did not differ from the results of the other subjects.All the subjectshad normal or corrected-to-normal eyesight.
Task. Before the actual experiment, the experimenter explained the task and showed examples of the stimuli to the subjects. The experimenter also asked the subjects to report what they saw when they were shown four circular white discs with a gap of90°(four pacmen) on a black background, so grouped that a square surface could fit inside the gaps. All the subjects reported seeing a black square that was darker than the background.
The subjects had to align a white dot that appeared near the middle of two markers (specified in one of a number of ways). They could move the dot by pressing the arrow keys on a keyboard. The subjects' task was to align the dot as accurately as they could with an illusory contour, if present, or else to place the dot on what they thought would be the connecting line between the two outer markers. The dot could only be moved in a direction perpendicular to the line that had to be judged.
Apparatus. The stimuli were computer controlled and displayed on a screen with a pixel resolution of 0.27 X 0.27 mm-. The screen had a black cardboard annulus in front of it, so that only the inner circular part of the screen was visible. This was done to exclude possible reference directions indicated by the edges of the screen. The screen was viewed from a distance of 60 em.
Stimuli. The stimuli that specified that with which the dot must be aligned in this experiment are sketched in Figures 2-4: a Kanizsa square placed on one of its corners (Kanizsa diamond, Figure 2, panel A) , two dots determining an oblique straight line that could connect these dots (panels 2B-2C), two pacmen that specified one of the four contours of the diamond (half Kanizsa diamond, Figure 3 ), and an arrangement of four pacmen with two of them rotated by 90°so that the four discs did not enclose a diamond (false Kanizsa diamond, Figure 4 ). All the stimuli indicated an oblique orientation at an angle of 45°with the vertical. Each stimulus had a small dot, which could be repositioned by the subject near to the midway position between two outer objects. The distance between the outer objects subtended 9.5°of visual angle, which corresponds to a distance of 10 cm on the computer screen. The stimuli were white and appeared on a dark background. The white pacmen had a radius of2 em (1.9°of visual angle). The dots were single white pixels.
Procedure. The angle between the straight line connecting the starting position of the dot and the center of one of the outer markers and the straight line between the centers of the outer markers was chosen randomly and varied between 6°in either direction (see Figure 5 ). The stimuli were presented in pseudo-random order. The whole set of stimuli was presented 10 (L.Y., P.E., M.Y.), 11 (YM., R.B., A.S.), or 12 (N.S.) times to the subjects.
The subjects were told to keep their heads upright at all times during the experiment. Eye movements were allowed. The experiment took place in a dark room so that only the stimuli were visible. The experiment lasted about half an hour.
Analysis. We recorded the angle between the straight line connecting the centers of the outer two markers and the line between the center of one of the outer markers and the adjusted position of the dot (see Figure 5 ). Note that this is an angle in the stimulus plane and not the visual angle. This angle was equal to zero when the adjustable dot was placed exactly on the specified line segment. The convention for signs is such that a positive value indicates that the dot was placed above the actual straight line that would connect the outer two markers.
Results
Figures 2, 3, and 4 summarize the results of all the subjects in all the conditions. To make it easier to see where the subjects put the adjustable dot when instructed to align it with an illusory contour or to align it with two markers, we present these results superimposed on a schematic outline of the respective stimuli. For example, Figure 2A shows the results in the four cases in which a Kanizsa diamond was presented and the dot appeared near one ofits four illusory contours, and Figure 2B shows the results in one case in which two dots plus the adjustable dot were presented. On each alignment line of the stimuli bars indicating the various subjects, systematic errors in degrees (0) were plotted. The direction of the bars indicates the true direction of the systematic errors. The whiskers indicate the standard error mean.
We averaged the mean results ofthe individual subjects. We also performed a two-tailed t test, to test whether this value equaled zero. The results are shown in Table 1 .
Comparison of the Kanizsa-diamond task and the three-dot alignment task. Figure Results of Experiment I superimposed on sketches of the stimuli. In the experiment, white figures were shown on a circular black background, the pacmen had a radius of2 em (1.9°of visual angle), the distance between the centers ofthe pac men or the two outer dots was to em (9.5°of visual angle), the gap between two pacmen was 6 em (5.7" of visual angle), and a dot was 0.27 X 0.27 mm 2 (0.26°X 0.26°of visual angle). Bars indicate mean systematic errors of I subject for the corresponding dot location. Panel A combines the results ofthe four stimuli where the adjustable dot appeared near one of the illusory linesofthe Kanizsa diamond. Panel B presents the oblique three-dot alignment task slanted to the left, and panel C the oblique three-dot alignment task slanted to the right. The systematic errors are expressed in degrees (0) of the angle between the straight line connecting the outer two markers and the straight line connecting the average end position of the dot and the center of one of the outer markers (see also Figure 5 misplaced the dot-that is, they did not place it on the contour but generally placed it too far toward the center ofthe Kanizsa diamond. The standard deviation is about 0.8°, on average, over edges and subjects. Figures 2B and 2C show the systematic errors in the three-dot alignment task. The subjects systematically placed the middle dot below the actual straight line that could connect the outer dots. These results are in agreement with the 0.5°-1°systematic errors in comparable experiments by Sittig and De Graaf (1994) . The standard deviation is about 0.8°, on average, over edges and subjects.
The general impression is that the systematic errors in the Kanizsa diamond are larger than in the three-dot alignment task [comparing absolute size: paired two-tailed t test, n = 28, t(27) = 3.7, p < .0 I] and that they are directed toward the inner part of the Kanizsa diamond (sign test, n = 28, t = 26,p < .001). This means that in the lower halfofthe Kanizsa diamond, the errors in alignment are in the opposite direction to the errors in alignment in the oblique three-dot task. There appears to be no systematic difference in the standard deviations between these two tasks.
The half Kanizsa diamonds. While performing the task with a half Kanizsa diamond, about half of the subjects no longer reported seeing an illusory diamond. Subjects Y.M., M.Y., and A.S. reported that they perceived a part of a diamond while performing the alignment task, subjects L.Y. and P.E. reported that they were able to see a part of a diamond surface if they concentrated on seeing it (which they usually did not when performing the alignment task), and subjects N.S. and R.B. reported that they only saw a vague dark-darker transition. Despite these differences between the subjects, there was no systematic difference in aligning the dot.
The systematic errors for all the subjects with the half Kanizsa diamonds are plotted in Figures 3A-3D. As one can see, the half-Kanizsa-diamond tasks led to an individual pattern of systematic errors that is very similar to the individual pattern observed in the Kanizsa-diamond task (2A).1 For example, the only subject with an average negative systematic error in the lower left contour in the Kanizsa-diamond task is again the only subject with an average negative systematic error in the lower left half-Kanizsa-diamond task. The systematic errors do not seem to depend on whether two or four inducing disks are shown to the subject. This is supported by the results of the analysis ofvariance (ANOYA)we performed. [The ANOYAshowed that the hypotheses that all the subjects respond in the same way and that all the contours induce the same systematic errors could be rejected (p < .05). The hypothesis that the half-Kanizsa-diamond task and the Kanizsa-diamond task are the same for corresponding contours and subjects could not be rejected (p = .90).] Apparently, only the nearest two pacmen determine how a dot is aligned with an illusory contour.
The false Kanizsa diamonds. Figures 4A and 4B show the results plotted for a dot that had to be aligned to two pacmen in a false Kanizsa diamond. None of the subjects reported seeing a contour except subject YM., who claimed to see a vague line. The subjects generally put the dot below the straight line connecting the contour of two pacmen in these false Kanizsa diamonds. The average systematic errors over all the subjects are not significantly different from zero for three of the four "edges" (see Table 1 ). The average size and direction are comparable with those in the three-dot alignment task. An individual pattern comparable with those observed with the Kanizsa diamond and the half Kanizsa diamonds is not apparent. The measured standard deviation is about 1°, on average, over all edges and subjects.
A Discussion
The systematic errors measured in the Kanizsa-diamond task do not resemble those measured in the three-dot alignment task, although the standard deviations do not seem to differ. The results with the Kanizsa diamond and the half Kanizsa diamond do show a strong similarity, despite the fact that what subjects claimed to see could vary. Therefore, it would seem less likely that the system- The rationale for including the false Kanizsa diamonds was as follows. Any systematic errors with the Kanizsa diamond could be induced by the illusion. The false Kanizsa diamond consists of the same markers as the Kanizsa diamond, but now no diamond can fit in the gaps. Therefore, no illusory surface should be perceived. Ifsystematic errors with the Kanizsa diamond are illusion dependent, the false Kanizsa diamond should lead to a different pattern. This is what we observed. Nevertheless, we cannot yet conclude that a large part ofthe systematic errors with the Kanizsa diamond are illusion dependent. A single pacman may trigger mechanisms related to illusory form perception. This implies that the pac men in the Kanizsa diamond and half Kanizsa diamond enhance each other's effect and in the false Kanizsa diamond compensate for each other's effect. This line of reasoning is consistent with that of Dresp and Bonnet (1993) , who measured an increased light detection threshold near an illusory border and a slightly reduced light detection threshold right on the illusory border. They continued to find this effect when two pacmen were presented, or even only one.
EXPERIMENT 2
In the previous experiment, the data show that there was a Kanizsa-configuration-dependent bias with the Kanizsa diamond. With the three-dot alignment task, there was an orientation-dependent bias (Sittig & de Graaf, 1994) , but there could not have been a Kanizsa-configurationdependent one. Could the systematic errors in the Kanizsadiamond task be the result of the sum of two biasesthat is, the sum of an orientation bias (as occurs in the three-dot task) and a Kanizsa-configuration-dependent bias (induced by the pacmen, directed to the center)? This hypothesis would explain why, with the Kanizsa diamond, the systematic errors in the top half ofthe diamond are generally larger than those found in the lower half of the diamond. Ifthe two effects add up, they would cooperate in the top half of the Kanizsa diamond but work against each other in the lower half. Such an additive ef-feet would also explain why, on average, the adjustable dot is placed slightly too low in the false Kanizsa diamond. If the pacmen compensate for each other's effect, only the orientation dependent bias remains. We know that the orientation-dependent bias disappears under a verticalor horizontal orientation (Sittig & de Graaf, 1994) .This means that when subjects are asked to align a dot to a contour ofan illusory square, with the contours thus oriented vertically and horizontally, we should find systematic errors that are a result of the Kanizsa-configuration bias only. If the hypothesis ofadditive effects holds, these systematic errors are expected to be as large as the systematic errors found in the top halfofthe Kanizsa diamond minus the systematic errors in the oblique three-dot alignment task. We investigated this in Experiment 2.
Method
Five ofthe previous 7 subjects (2 female, 3 male) participated in this experiment. The experiment differed from Experiment I only in the stimuli. Now, all markers could be connected via horizontal or vertical straight lines, and we used only the Kanizsa square and two dots marking a horizontal or a vertical line (see Figure 6 ). All the stimuli were presented 10 (P.E.) or 12 (Y.M., N.S., R.B.,M.Y.) times. The convention for signs is that a positive value for the errors from a vertical-indicated "line" means that the dot was placed too far to the left, and a positive value for the errors from a horizontalindicated "line" again means that the dot was placed above the actual straight line.
Results
Most subjects volunteered the information that this experiment was easier to do than the previous one. The systematic errors and standard errors of the mean were plotted for all subjects and for each stimulus in Figure 6 , as in Figure 2 . Both the systematic errors (average size, 0.6°) and the variable errors (average standard deviation, 0.44) with the Kanizsa square were much smaller than those in Experiment 1. The systematic errors lie within the Kanizsa square in 16 of the 20 cases. Thus, a small but significant effect remains (one-sided sign test, p < .01). Table 2 lists the systematic errors averaged over subjects per indicated "line." We predicted that the size of the systematic errors would be the difference between the systematic errors with the Kanizsa diamond and the systematic errors with the three-dot alignment task, measured under the same orientation. For each of the subjects, we calculated the average predicted size of the systematic errors and compared these with the measured systematic errors with the Kanizsa square. The systematic errors with the Kanizsa square are smaller than those we predicted via our hypothesis (paired two-tailed t test, n = 20, p < .001).
In the three-dot alignment task, the systematic errors were also almost zero, and the average standard deviation of0.33°is smaller than that in the oblique alignment task. These results are in agreement with those of Sittig and De Graaf (1994) .
Discussion
The subjects did not place the dot as far toward the center of the Kanizsa square as they did with the Kanizsa diamond. Thus, the systematic (and variable) errors found in the Kanizsa-diamond task appear to be subject to an oblique effect as well. The systematic errors are even smaller than would be expected by assuming that the results with the Kanizsa diamond were the summed effects of two independent biases: a Kanizsa-configurationdependent bias and an orientation-dependent bias. Thus, the two biases are not combined in a simple additive way.
A remaining bias to place the dot too far toward the center ofthe square is consistent with the results reported by Pomerantz et al. (1981) . They presented a Kanizsa square to their subjects and asked them whether an appearing dot was inside or outside the square. They measured reaction times and the percentages of correct responses. Although in their case, the dot appeared at distances twice as large as the average systematic error made by our subjects, Pomerantz et al. did report that their subjects more often wrongly claimed the dot to be outside the square than the other way around. They did not offer an explanation for this finding.
The results of this second experiment can exclude three other possible explanations for the systematic errors in aligning a dot to an oblique illusory contour. The first could be that the perceived surface is smaller than the square that Hts within the pacmen. The light-dark border ofthe pacmen could have been perceived to be fur-ther away from the white pacmen than the actual border. Second, the square could be perceived as smaller than the square that can be fitted into the pacmen, because it is perceived to be closer than the pacmen (Coren, Porac, & Theodor, 1986) . This is consistent with the explanation of the Kanizsa illusion by means of the figure-ground segregation (Petry & Meyer, 1987) . These two suggestions, however, do not predict the strong orientation dependency we observed.
A third possible explanation concerns the role ofbinocular viewing. The stimuli were always viewed binocularly in our experiments. When viewing the contour of a surface with both eyes, one is able to look beyond the contour with one of the eyes. If the dot is perceived to be at a different depth from that ofthe illusory surface, it can lead to a bias in perceived frontoparallel position. Since one eye is displaced horizontally with respect to the other, it would predict maximal systematic errors for an illusory contour under vertical orientation and minimal systematic errors for an illusory contour under horizontal orientation. Contrary to this, we observed the largest systematic errors under oblique orientation. Therefore, binocular viewing also fails to explain the observed effect.
EXPERIMENT 3
One of the results of Experiment I was to show that the systematic errors were the same for all the subjects, irrespective of whether two or four pacmen were shown. Note that this finding does not depend on what the subjects saw when they were presented with the halfKanizsa diamonds. We concluded that only the two nearest pacmen determine the systematic errors. Perhaps the shape of the individual pacmen causes systematic errors. In the next experiment, we examined the influence of a single pacman.
Method
The same 5 subjects as those from Experiment 2 participated in this experiment. It was similar to Experiments I and 2 in that the subjects were asked to align a dot, but now only one pacman at a time was shown. The contours of the gap of the single pacmanshaped markers were oriented obliquely, as in Experiment I. The subjects were instructed to place the dot on the straight line that would extend from the nearer of the two straight contours of the presented pacman. They had to extrapolate 4 * 2 = 8 contours of pacmen: both oblique contours of each single pacman that, when presented together, would form a Kanizsa diamond. The distance between the dot and the pacman and the dimensions of the pacmen were the same as those in the previous experiments. The single pacmen appeared in the same position as in the Kanizsa diamond. Within anyone set, the eight possible extrapolations were presented in quasi-random order. A set of stimuli was presented 10 (P.E.) or 12 (Y.M., N.S., R.B., M.Y.)times.
Results
In Figure 7 , for each subject and each marker, the average systematic errors were plotted on the line extending the contour of a pacman. This is similar to Figure 2 . As can be seen in Figure 7 also put the dot too far toward the inner part of the diamond. The systematic errors vary more among subjects and contours than do those in Experiment 1 for the same 5 subjects: The average systematic errors vary from 1.6°o utside the diamond to 5.0°inside the diamond in the single pacman experiment, as compared with 0.7°outside the diamond and 2.4°inside the diamond with the half Kanizsa diamonds in Experiment 1. Thus, the systematic errors from the straight extrapolation of the contour of one single pacman are comparable with those found with the halfKanizsa diamonds of Experiment 1 but are somewhat more variable. The average measured standard deviation equals 0.8°and is similar to that observed in Experiment 1.
Are the systematic errors found with the half Kanizsa diamonds equal to the average effect ofextrapolating the two single pacmen that form this half diamond? In Figure 8 we plotted, for each contour and each subject, the systematic errors with the halfKanizsa diamonds against the corresponding average systematic errors with the two single pacmen that together form that half Kanizsa diamond. The line of perfect correspondence is drawn as a solid line. The broken line indicates the best fit through the plotted points. This best fit has a slope equal to 1.1 ± 0.2 and intersects the y-axis at 0.4°± 0.2°. Thus, the line ofperfect correspondence lies within the confidence limits of the fit. In the same way, the systematic errors found when extrapolating a contour ofa single pacman can also explain the systematic errors that were found with the false Kanizsa diamond in Experiment 1.
Discussion
From this last result, we can conclude that the observed systematic errors in aligning a dot with a contour of a Kanizsa diamond can be explained as the average systematic error in extrapolating the two pacmen that indicate that contour. Why would our subjects extrapolate when asked to put a dot on an illusory contour? This could indicate that perception ofthe illusory surface and the location of the dot cannot be done simultaneously. This hypothesis is supported by two facts known from the literature. First, the dot itself might also function as an inducing element. In the Kanizsa square, the pacmen induce the perception ofa square. Single dots cannot evoke an illusory surface by themselves (Gregory, 1972) . However, when dots are shown in combination with line elements or pacmen, they do influence the contour (Gregory, 1972; Kanizsa, 1976) . Although our subjects never complained that the task was impossible, it might be difficult to judge the position of a dot relative to an illusory 4 OY.M. Systematic error half Kanizsa diamond (0) -> Figure 8 . The systematic errors with the half Kanizsa diamonds for each contour and each subject were plotted against the corresponding average of systematic errors with two single pacmen that together form that half Kanizsa diamond.
The straight line {y = x} indicates the line of perfect correspondence. The dashed line (y = (1.1 ± 0. 2)x + (0.4 ± 0.2)1 indicates the best fit through the plotted points.
The whiskers indicate the standard errors. contour when that same dot codetermines that illusory contour. This problem would lead to larger variable errors in our experiment, since the dot appeared randomly inside and outside the illusory surface. Second, Kanizsa already noticed that the illusory contours fade when a person concentrates on looking at one of the illusory contours and that the illusory contours are seen most clearly when the configuration is "watched as a whole." In our experiments, the task involved only one of the contours at a time, drawing attention to that one.
EXPERIMENT 4
The results of the previous experiment suggest that the subjects did not perform the task in Experiment 1 as they were instructed-that is, to align the adjustable dot with the illusory contour. This raises the question of the role, if any, of the illusory contour in the performance of that task. There may be no influence of the illusion, perhaps because it is not seen when the dot is being aligned. Why, then, is there such a difference in results between the task with the dots and the one with the pacmen? This could imply an influence of the (asymmetry of the) shape of objects from which the position has to be judged. Alternatively, the mechanisms for figure-ground segregation are triggered already by one single pacman, as Dresp and Bonnet (1993) suggest. To test this, we presented the subjects with diamonds, which were indicated by pacmen, Xs, Ls, or dots, and asked them to place a dot on the average extrapolation of the edges of the pacmen, Xs, or Ls or to align the dot with the two other dots that were nearest. It is known that the Xs and Ls do not evoke the perception of an illusory surface (Kanizsa, 1979) but do differ in (a-) symmetry. The diamond indicated by the dots was included to bridge the gap between the threedot alignment task and the Kanizsa-diamond task.
Method
This experiment was set up in a way that was similar to that of the previous experiments. Five subjects participated, 4 who had participated in the previous experiments and I new naive subject (K.A.). All the subjects gave informed consent. The subjects were told that they would be presented with diamond-like shapes indicated by four Xs, four Ls, four pacmen, or four dots. They were instructed to place the dot on the intersection ofthe apparent straight lines that would extend from the nearest two straight edges or, in the case of the dots, to place the dot on the straight line that would connect the nearest two dots. Each stimulus was presented 10 times and appeared at a location in the center of the screen, with some random jitter in that location from trial to trial. Figure 9 shows the results for a diamond indicated by four Xs or four Ls. The systematic differences from a straight line were small in both cases (about 0.4°), about the size of the standard error ofthe mean (0.6°, on average). However, there is a difference. With the Ls, the systematic errors were generally directed toward the center ofthe figure (sign test, n = 20, T = 14,p < .005), whereas with the Xs, the systematic errors seem to have been randomly distributed in either direction [ttest, t(199) = 1.62, p=.ll]. Figure 10 shows the results for the dots. Surprisingly, the systematic errors were not always directed below the Sittig and De Graaf (1994) found less clear effects when the dots could mark a straight oblique line downward, as compared with the same line's running upward.
Results
The results of this experiment clearly demonstrate that relative localization depends on the shape of objects in relation to the location that has to be judged. straight line that could connect two dots [t test, t (199) = 1.60,p = .11]. This holds particularly for the systematic errors in the upper half of the diamond. The systematic errors generally seemed to be directed outside the figure [t test, t (199) = 6.34, p < .00 I] and were about equal in size to those with the Ls and Xs. The standard deviations equaled 0.8°, on average, which is larger than those observed with the Ls and Xs.
The results with the pacman reproduce the results of Experiment 1; for all 5 subjects and all four edges of the diamond, the systematic errors were directed toward the center ofthe figure, and the systematic errors (1.9°on average) were usually larger than the standard deviations (0.9°on average). This reproduction of results occurs despite the fact that we now asked our subjects to extrapolate the two nearest edges ofthe pacmen. This is in agreement with the results from the single pacmen.
Discussion
Since large (and very significant) effects occur only with the pacman, we must assume that there is something special about it that causes these effects. One way in which pacmen differ from the other objects is that they can induce an illusory figure. However, this is not the only difference. The size of the luminant surface is different, and they have an incomplete circular edge. Nevertheless, the results do seem to suggest some influence of figureground segregation. Such an influence could also explain why the results with the dots are different when four, rather than two, fixed'dots are shown. However, this is only spec-In the introduction, we stated that there are many situations in which the human visual system can make judgments about intermediate positions. When judging relative location, the human visual system can judge whether three objects are aligned or are indicating a plane. In some cases, those objects can induce illusory contours (Schumann, 1900) -that is, contours that are perceived as if they were real. We wanted to know whether the visual system uses the same mechanisms for estimating the simplest connection between two objects irrespective of whether those objects are dots or pacmen. To attempt to answer this question, we compared the results ofa psychophysical experiment in which a dot had to be aligned either to two markers that could be connected by a straight oblique line (two dots) or to an oblique illusory contour.
Prior to the experiment, we had anticipated two possible outcomes: The results ofthe two tasks would be very similar, indicating that the same mechanisms are used, or smaller systematic errors would occur in aligning a dot to an illusory contour, indicating the use of additional mechanisms that use the edges ofthe pacmen. The results of the two tasks were clearly different. In the oblique three-dot alignment task, the middle dot was systematically placed too low. This reproduces the Sittig and De Graaf (1994) results. In the alignment task with the illusory contour, rather larger systematic errors were made that were directed to the center of the illusory surface. From this we concluded that an additional mechanism is used that introduces its own bias.
There are a number of computational models that assume that illusory contours result from the same mechanisms that account for the perception of real form (Grossberg, 1994; Heitger & von der Heydt, 1993; Marr, 1982) . These models are supported by experimental results in which an illusory contour has a very similar effect to a real contour. Vogels and Orban (1987) have demonstrated the largest just-noticeable differences in orientation with oblique orientation for both real and illusory contours. Gregory (1972) demonstrated that the Poggendorff illusion also occurs when the parallel vertical lines are illusory. Smith and Over (1977) demonstrated that illusory contours, like real ones, can produce tilt aftereffects. If illusory and real contours are functionally equivalent at some level, we might have expected our subjects to be able to minimize the distance between the dot and the illusory contour, as is possible with a real contour. The mechanisms underlying the illusory contour could then have helped in localizing the dot. However, we did not observe a reduction in either the systematic errors or the variable errors when the Kanizsa diamond was perceived. Thus, the illusory contour does not help in localizing objects, and thus, in this case, illusory contours differ from real contours.
We then hypothesized that the Kanizsa configuration introduced its own bias and that this bias was linearly added to the one associated with the mechanisms related to relative localization. We rejected this hypothesis on the basis of Experiment 2, which demonstrated too strong an oblique effect in the results.
Experiment 1 also showed that the results of aligning a dot to an illusory contour did not differ whether four or only two pacmen were presented, whereas the strength of the illusion did differ. This raised questions about the role of a single pacman and of the illusory contour. Experiment 3 showed that the errors in aligning a dot to an oblique illusory contour can be described as the average result of interpolating the two nearest edges ofthe pacmen. This suggested that the difference in results between the pac men and the dots was not caused by the illusion, but by the difference in symmetry of their shape. We tested this idea in our last experiment, where we asked subjects to extrapolate from pacmen, Ls, and Xs. The results with the pacmen were very similar to those in Experiment 1, and they were the only stimuli with clear large effects. The Ls did show a much weaker effect, also directed toward the center of the figure, whereas no systematic or significant effect occurred with the Xs. This suggests that there is something special about the pacman shape that causes large effects. The pacmen have a larger bright surface and an incomplete circular edge, which the other objects do not have. The pac men are also the only objects which can induce an illusory surface by themselves. The question remains whether the bright surface and the incomplete circular edge of the pacmen cause large effects because they can induce illusory contours at the location of the perceived interpolation. One thing is clear: The shape of the markers influences the localization of objects relative to these objects. The influence of the shape ofan object on a more global localization has been demonstrated (Brenner & Smeets, 1995) .
Our experiments were psychophysical experiments, and they can provide an explanation only at that level. There are also several reports concerning illusory contours of neural responses at a physiological level. However, to combine the results ofthese different levels ofexplanation is not a trivial task (Spillman & Dresp, 1995) , for several assumptions are needed. There are cells that are sensitive for T-junctions. These cells are active when there are pacmen in its visual field and not active when there are only dots in its visual field. There are cell recordings that show firing patterns sensitive to figure-ground segregation (Baumann, van der Zwan, & Petherhans, 1997) . We would expect the figure to be detectable from the ground at some neural level, because the direction of the systematic errors is always in the direction ofthe cen-ter of the figure, independent of orientation. Heitger and von der Heydt (1993) have made a neural model based on the firing patterns of complex cells. It would be interesting to measure the cell activity as a result ofthe same stimuli that we used. We predict that cells with a firing rate that is dependent on the position of the dot will show a change in firing pattern when the dot is just inside the figure and that the precise position of the dot when this happens is dependent on the orientation for which the cells are sensitive. The neural model of Heitger and von der Heydt strongly depends on the role of so called end-stop cells. One major difference between the pacmen and the Ls or Xs is that the pacmen also trigger end-stop cells because of the noncontinuation of the circular edge that is present in the pacmen. Perhaps this is reflected in the results of Experiment 4.
In conclusion, the experiments described in this paper indicate that there is a complex interaction between the shape of objects and the judgment of relative location. An illusory contour does not act in the same way as a real contour when a dot is aligned to an illusory contour. In this task, our subjects appeared to be interpolating the edges of the two nearest pacmen. The results clearly demonstrated that the shape ofobjects influences the extrapolation and interpolation (of the edges) of those objects.
